Surface modification of polyurethanes (PUs) by covalent attachment of dipyridamole (Persantin ® ) is known to reduce adherence of blood platelets upon exposure to human platelet rich plasma (PRP). This effect was investigated in further detail. First platelet adhesion under static conditions was studied with four different biomaterial surfaces: untreated PU, PU immobilised with conjugate molecule 1, PU immobilised with conjugate molecule 2, and PU immobilised with conjugate molecule 3. In PU immobilised with 1 dipyridamole is directly linked to the surface, in PU immobilised with 2 there is a short hydrophilic spacer chain in between the surface and the dipyridamole, while conjugate molecule 3 is merely the spacer chain. Scanning electron microscopy (SEM) was used to characterise platelet adhesion from human PRP under static conditions, and fluorescence imaging microscopy was used to study platelet adhesion from whole blood under flow. SEM experiments encompassed both density measurements and analysis of the morphology of adherent platelets. In the static experiments the surface immobilised with 2 showed the lowest platelet adherence. No difference between the three modified surfaces emerged from the flow experiments. The surfaces were also incubated with washed blood platelets and labeled with Oregon-Green Annexin V. No capture of Oregon-Green Annexin V was seen, implying that the adhered platelets did not expose any phosphatidyl serine at their exteriour surface.
Introduction
Polyurethanes find widespread use as construction biomaterials for catheters, blood pumps (Coumbe and Graham, 1994) , and other medical devices, which are temporarily in contact with the circulation. The physical/mechanical properties of polyurethanes, including their high flexural strength and excellent resistance to flex fatigue, are particularly suitable for these applications (Boretos, 1981; Lelah and Cooper, 1986; Herring et al., 1994; Müller and Dasbach, 1994) . Polyurethanes have, however, one major drawback: they have only moderate blood compatibility. Surface-induced thrombus formation poses a significant problem in the development of improved cardiovascular devices, which are based on polyurethanes.
We have shown previously, that the drug dipyridamole can be immobilised onto polyurethane surfaces, via a photochemical procedure (Aldenhoff and Koole, 1995; Aldenhoff et al., 1997a,b) . Dipyridamole is a well-known non-toxic vasodilator and a powerful inhibitor of platelet activation/ aggregation; its generic name is Persantin ® (Oates et al., 1987; Singh et al., 1994) . Two conclusions emerged from our previous work: (i), surface-bound dipyridamole renders the surface significantly less thrombogenic, and (ii), adherence of bloodplatelets is markedly reduced through this surface modification.
Here we report the results of an extended study on dipyridamole-modified polyurethane medical grade foils. Three sets of these foils were treated with either 1, 2 or 3 ( Figure 1 ); a fourth set was used as untreated controls. Note that compounds 1-3 are conjugate molecules. Molecules 1 and 2 consist of a protected dipyridamole unit, which is linked to a photoreactive p-azidobenzoyl ester (Leyva et al., 1986; Li et al., 1988; Smith, 1984) , either directly (1), or via a short hydrophilic spacer chain, (2). Compound 3 served to study the effect of the hydrophilic spacer chain per se.
Each of the four surfaces was incubated with platelet-rich human blood plasma (PRP), for 15, 30 or 60 minutes. The density of the adhered bloodplatelets was studied as a function of time. The morphological changes of the adhered bloodplatelets were studied in the static model using PRP (Ko et al., 1993; Frank et al., 2000) . Using whole blood, platelet adhesion was also studied with fluorescent microscopic techniques (Billy et al., 1997; Briedé et al., 1999) . In addition, the surfaces were incubated with washed platelets, labeled with Oregon-Green Annexin V, in an attempt to answer the question whether or not the adhered platelets expose phosphatidyl serine at the exteriour plasma membrane (Billy et al., 1997 ; Platelet adhesion to coated polyurethane surfaces Briedé et al., 1999; van Engeland et al., 1998; Stuart et al., 1995) .
Materials and Methods

General
All solvents and starting materials were of the highest available purity or were purified as specified. N,Ndimethylformamide, pyridine and tetrahydrofuran were distilled from calcium hydride and stored over Linde 3Å molecular sieves. Triethylamine was distilled from calcium hydride and stored over potassium hydroxide pellets. Thin layer chromatography was performed on glass plates (3 x 10 cm) with a fluorescent indicator. Silica gel 60 (particle size 0.063-0.200 mm) was used for column chromatography. 1 H Nuclear Magnetic Resonance (NMR) and 13 C NMR were recorded at 399.9 and 100.6 MHz, respectively, on a Varian (Palo Alto, CA) Unity-Plus spectrometer, using deuterated chloroform or deuterated methyl sulfoxide as the solvent. Tetramethylsilane was used at the internal reference (δ = 0.00 ppm). Conjugates 1 and 2 were prepared as described previously (Aldenhoff and Koole, 1995; Aldenhoff et al., 1997a) .
Preparation of p-azidobenzoyl chloride
A solution of p-azidobenzoic acid (7.50 g, 45.98 mmol) (Bretschneider and Rager, 1950) 
Preparation of compound 4
To a magnetically stirred solution of triethylene glycol (33.08 g, 220.28 mmol) and dimethylamino pyridine (0.17 g, 1.38 mmol) in 100 mL of anhydrous pyridine was added p-azidobenzoyl chloride in 10 portions during a time period of 3 hours. The solution was stirred overnight under exclusion of moisture. Then, all volatiles were removed under reduced pressure (last traces of pyridine were coevaporated with toluene). The residue was taken up in dichloromethane and washed with saturated aqueous sodium bicarbonate (three times) and water (three times). The organic layer was dried on magnesium sulfate, filtered, and concentrated to dryness under reduced pressure. The crude product was purified by column chromatography eluting with ethyl acetate to give compound 4 as a viscous oil. Yield: 4.22 g (52%); R f (ethyl acetate): 144.32, 131.01, 126.05, 118.31, 72.06, 70.17, 69.85, 68.69, 63.53, 61.20 .
Preparation of compound 3
To a solution of compound 4 (3.74 g, 12.67 mmol) in 75 mL anhydrous dimethyl formamide was added dimethylamino pyridine (3.09 g, 25.33 mmol), anhydrous triethyl amine (2.56 g, 25.33 mmol) and tertbutyldimethylsilyl chloride (3.82 g, 25.33 mmol). The reaction mixture was magnetically stirred for 1 hour under exclusion of moisture. Then, brine was added and the mixture was extracted with diethyl ether (three times). The diethyl ether layer was washed with saturated aqueous ammonium chloride (three times). The organic layer was dried on magnesium sulfate, filtered and concentrated to dryness under reduced pressure. The crude product was purified by column chromatography eluting with ethyl 144.52, 131.29, 126.43, 118.53, 72.49, 70.54, 70.50, 68.97, 63.99, 62.51, 25.69, 25.48, -3.76, -5.50 .
Preparation of modified polyurethane surfaces
Throughout the experiments a medical grade polyurethane foil (Pellethane D-55) was used. The foil is transparent and has a smooth surface, the thickness of the foils is 0.4 mm. Pieces of 5 x 5 cm were used. Stock solutions of the conjugate molecules were prepared in isopropanol (concentration 1 mM). The solution was sprayed (a compressedair sprayer was used) onto the polyurethane foils 20 times. After each spray the surfaces were dried with a hot-air föhn (to evaporate the isopropanol). Then, the surfaces were irradiated for 15 min, at a distance of 30 cm, with a medium metal halide lamp (Philips, Eindhoven, The Netherlands; HPA 1000 high-power Ultraviolet (UV) lamp), emitting radiation mainly between 300 and 400 nm (radiation output measured at 1.00 m distance in µW/cm 2 : UV-A: 1000; UV-B: 320; UV-C: 50) (van der Heiden et al., 1998) . After irradiation the foils were thoroughly washed with isopropanol (3 x 15 min, with ultrasonic shaking) to remove all the unreacted compounds, and immersed into a solution of tetrabutylammonium fluoride (8.0 g) in nitromethane (400 mL) to remove the tert-butyldimethylsilyl protecting groups. The surfaces were then washed extensively with isopropanol (2 x 30 min) and water (2 x 30 min), dried, and stored in dry form before use.
Adhesion of blood platelets in a static model
Fresh blood was taken from a healthy donor (male, age 42 years) who has not been taken aspirin or any other anticoagulant one week prior to blood donation. The whole blood was anticoagulated with citrate (0.13 mM) prior to the experiments. The blood was centrifuged at 250 g for 15 min at room temperature, and the PRP was decanted. The surfaces were incubated with 0.5 mL PRP at 37 °C for 15, 30 and 60 minutes. Then, the PRP was removed and the surfaces were washed with 0.1 M phosphate-buffered saline (PBS-buffer, pH = 7.2, three times) to remove the non-adhered blood platelets. The adhered blood platelets were fixed with glutaraldehyde (2.5% in PBS-buffer) for 3 hours at 4 ºC. The surfaces were dehydrated with ethanol series, dried in air, and sputter-coated (SC sputter coater 500, Bio-rad) with gold for 2 min. The surfaces were subjected to scanning electron microscopy (SEM, PSEM 75, Goffin Meyvis, Overijse, Belgium; accelerating voltage 15 kV) to study the morphology of the adhered platelets.
Platelet count
For each surface, five rectangular fields if view were chosen randomly; the dimensions were 116 x 91 µm. Adhered platelets were counted manually, and the average densities of the adhered platelets per square mm were calculated from these data.
Platelet morphology
The adhered platelets on each of the rectangular fields of view, described above, were examined and classified according to the scheme of Ko et al. (1993) and Frank et al. (2000) . This literature provides examples of the five different morphologies (Round (R), Dendritic (D), Spread Dendritic (SD), Spread (S), and Fully Spread (FS)) of adherent platelets.
Platelet adhesion under flow
Fresh blood from a healthy donor (male, age 42 years) was used, the blood was heparinized (5 U/mL), calcein (2.5 µM) was added during 25 min. at 37 °C. The surfaces were immersed in 20mM N-(2-hydroxyethyl)piperazine-N'-(4-butanesulfonic acid) (HEPES, pH = 7.5) buffer for 30 min. The (whole) blood was run over the surfaces at a shear rate of 100 l/s (flowrate 200 µL/min) for 10 min. The experiment was followed by a video system and at several time intervals video-images were stored.
Platelet activation
A suspension of washed platelets was prepared as described previously (Briedé et al., 1999) . The four different surfaces were incubated with a suspension of 5 x10 7 platelets/mL. Oregon-Green Annexin V (1 mg/ml) was used to detect possible exposure of phosphatidyl serine on the outer surface of activated platelets (Briedé et al., 1999) .
Fluorescence imaging microscopic system
A parallel-plate chamber as described by Sakariassen et al. was used as the perfusion chamber throughout these experiments (Sakariassen et al., 1983) . Positive phase-contrast transmission images were obtained with an inverted microscope (Nikon Diaphot 200; Nikon, Tokyo, Japan) using a Nikon 100 X quartz oil-immersion objective containing a phase plate. The phase-contrast transmission images were recorded with an infrared camera (VPM 6132 monochrome high-resolution charge-coupled device camera, Vista, Norbain, UK). For fluorescence imaging, light from a xenon lamp passed a computer controlled excitation and neutral density wheel, and reached the objective of the inverted microscope through an UV-transparent liquid light guide and a dichroic long-pass filter. The emission light passed a computer-controlled emission wheel, and finally reached a low-light level intensified, charge-coupled device camera working at standard video rate (Photonic Sciences, Robertsbridge, UK). The fluorescence images were digitized and averaged; background images were substracted and stored.
Results and Discussion
The chemical synthesis of conjugate molecule 3 proceeded smoothly. The synthesis route is outlined in Figure 2 . First p-azidobenzoic acid was converted in pazidobenzoyl chloride with thionyl chloride. Then, triethylene glycol was reacted with p-azidobenzoyl chlo-Platelet adhesion to coated polyurethane surfaces ride in pyridine.
Pure 4 was obtained after routine column chromatography on silica gel. In the last step 4 was reacted with tBDMS-Cl. The target compound 3 was obtained in pure form after column chromatography. The identity and purity of this compound, a colorless viscous oil, was established by 1 H NMR and 13 C NMR. The photo-immobilisation of all three of the conjugate molecules was succesfull. For the surfaces immobilised with 1 and 2, the surface density was measured using UV-extinction, as described previously (Aldenhoff and Koole, 1995; Aldenhoff et al., 1997a) . Briefly, the molar extinction coefficients of all conjugate molecules (in isopropanol) were determined at λ=408. A blank solution, containing a known area (mm 2 ) of PU in THF was prepared, and the blanco UV spectrum was stored in the digital memory of the UV spectrometer. Then, a known area (mm 2 ) of the PU, which had been immobilised with either conjugate molecule, was dissolved in THF and the UV spectrum was measured. The surface concentration of the immobilised conjugate molecules could be calculated from the UV absorption at λ=408. Surface densities of approximately 20 nmol/cm 2 were found for both surfaces. For the surface immobilised with 3, it was found that the water contact angle decreased, from approximately 50º for the untreated PU to 40º for the treated PU, as a result of the surface modification. This implies that the surface immobilisation also proceeded with conjugate molecule 3. Table 1 compiles the average densities of adhered platelets as a function of time. Figure 3 shows a graphical representation of these data. Figure 4 shows typical scanning electron micrographs of the four different surfaces at 30 minutes incubation. For the polyurethane and the surface immobilised with 1 it is clear that the longer the incubation time the more platelets adhere. For conjugate molecule 2 and 3, however, the density of adhered platelets seems to decrease after an incubation time of 30 min. The amount of adhered blood platelets after 15 minutes increase in the following order: conjugate 2 < conjugate 1 < unmodified PU < conjugate 3. After 30 minutes the amount of adhered blood platelets increases as follows: 
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conjugate 2 < conjugate 1 < conjugate 3 < unmodified PU, and after 60 minutes: conjugate 2 < conjugate 3 < conjugate 1 < unmodified PU. These data reveal that unmodified PU is the most adhesive surface. The surface immobilised with 2 shows lowest platelet adhesion, which is in agreement with previous data (Aldenhoff et al., 1997b) . Moreover it is seen that the platelet density for PU modified with 2 does not increase with time.
The studies on platelet adhesion from heparinized full blood, under flow, revealed essentially the same trends. Because the platelets are labelled with the fluorescence dye calcein fluoresceine adherence of platelets onto the biomaterial leads to immobilised fluorescent acitvity. It is possible to monitor fluorescence in the field of view as a function of time. After 10 minutes, the fluorescent area on the untreated PU was 35 ± 10%. Figure 5 shows the fluorescence image of the unmodified PU. For the three other surfaces, hardly any platelet adhesion was found after 10 minutes. This means that all the three surface modifications performed equally well in this test. Overall, the data from the fluorescence experiments under flow are in line with the results from the SEM experiments.
The SEM micrographs could also be used to study the morphology of the adhered platelets, and also the changes in morphology as a function of incubation time. In order to characterise the morphology of the adhered platelets, we used the same classification in platelet shape as described by Ko et al. (1993 and Frank et al. (2000) . Five stages of shape changes were distinguished: (1) round or discoid (R), no pseudopodia present, (2) dendritic (D), early pseudopodial, no flattening (3) spread dendritic (SD), one or more pseudopodia flattenend, no hyaloplasm between pseudopodia; (4) spread (S), late pseudopodial, hyaloplasm spreading; and (5) fully spread (FS), hyaloplasm fully spread, no distinct pseudopodia. The results of this analysis are compiled in Table 1 and represented graphically in Figures 6A-C . The data show that platelets in the "round" state are most abundant after 15 minutes incubation: their relative contribution decreases gradually with time. Furthermore, it appears that the surfaces that expose dipyridamole at their surface have relatively high numbers of spread and fully spread platelets, already after 15 minutes incubation (65% for immobilized 1, and 40% for immobilised 2). The latter conclusion made us wonder what was actually happening: (i) do the platelets spread because they are activated by the dipyridamole surface, or (ii) do the platelets spread because of a favourable interaction with the surface? In an attempt to discriminate between these two alternatives, a suspension of washed human platelets was mixed with Oregon-Green Annexin V. This mixture was used in a FIMS experiment as described above, using the surfaces that were treated with conjugate molecules 1 or 2. Annexin V is known to form a complex with phosphatidyl serine, which is exposed on the exteriour plasma membrane of activated platelets. So if the adhered platelets retain the OregonGreen Annexin V, this implies that the platelets expose phosphatidylserine. After 10 minutes, hardly any Oregon Green label could be detected on both surfaces, which implies that the adherent platelets do not expose phosphatidylserine (van Engeland et al., 1998; Stuart et al., 1995) . We assume, therefore, that the adherent platelets are not activated. We envisage two possible explanations for this phenomenon: (i) either the immobilised dipyridamole molecules are recognized by anchoring molecules on the platelet's surface, (ii) or the immobilised dipyridamole molecules change the physical surface properties of the surface which may in turn, affect the adsorption of plasma proteins in such a way that a more passive surface is obtained.
Conclusion
Photochemical immobilisation of dipyridamole provides a means to decrease adhesion of bloodplatelets, both under static and dynamic conditions. Use of the control molecule 3, which is merely the spacer molecule without dipyridamole, helped to draw this conclusion. The exact mechanism of action of immobilised dipyridamole remains unclear: the effect may be based on platelet-dipyridamole recognition, or immobilised dipyridamole may affect adsorption of plasma proteins prior to platelet adhesion.
